Abstract. MicroRNAs (miRNAs) are a class of endogenous non-protein-coding RNAs that function as important regulatory molecules by negatively regulating gene and protein expression via the RNA interference (RNAi) machinery. MiRNAs have been implicated to control a variety of cellular, physiological, and developmental processes. Aberrant expressions of miRNAs are connected to human diseases such as cancer. Cancer stem cells are a small subpopulation of cells identified in a variety of tumors that are capable of self-renewal and differentiation. Dysregulation of stem cell self-renewal is a likely requirement for the initiation and formation of cancer. Furthermore, cancer stem cells are a very likely cause of resistance to current cancer treatments, as well as relapse in cancer patients. Understanding the biology and pathways involved with cancer stem cells offers great promise for developing better cancer therapies, and might one day even provide a cure for cancer. Emerging evidence demonstrates that miRNAs are involved in cancer stem cell dysregulation. Recent studies also suggest that miRNAs play a critical role in carcinogenesis and oncogenesis by regulating cell proliferation and apoptosis as oncogenes or tumor suppressors, respectively. Therefore, molecularly targeted miRNA therapy could be a powerful tool to correct the cancer stem cell dysregulation.
INTRODUCTION
In this review, we discuss the acknowledged functions and characteristics of microRNAs and cancer stem cells, focusing on the potential roles of the stem cell related microRNAs (miRNAs) in cancer stem cells regulation and the implications in developing novel and more effective molecular cancer therapies.
MicroRNA Biogenesis
MiRNAs and small interfering RNAs (siRNAs) are two key components of RNA interference within cells. siRNAs are derived by processing of long double-stranded RNAs and are often of exogenous origin and degrade mRNAs bearing fully complementary sequences (1) . In contrast, miRNAs are endogenously encoded small noncoding RNAs, derived by processing of short RNA hairpins, which can inhibit the translation of mRNAs bearing partially complementary target sequences (1) . miRNAs are endogenous and naturally generated in animal cells. For this reason, the use of miRNAs is more applicable in developing therapeutics that can regulate mRNA in animal cells.
MiRNA biogenesis has been studied by many investigators. A schematic overview of miRNA biogenesis is given in Fig. 1 . MiRNAs are transcribed by RNA polymerase II enzyme producing a long primary-miRNA (pri-miRNA) (2) . These pri-miRNAs contain a cap structure at the 5′ end and are poly-adenylated at the 3′ end, suggesting that primiRNAs are structurally and functionally similar to mRNAs (3) . Also, pri-miRNAs contain specific hairpin-shaped stemloop structures of~70 nucleotides that are recognized and cleaved by a~650-kDa nuclear microprocessor complex consisting of the RNase III endonuclease Drosha and the essential DiGeorge syndrome critical region gene 8 (DGCR8) binding protein (4) . The resulting~70 nucleotide hairpin intermediate (pre-miRNA) is transported out of the nucleus and into the cytoplasm by Exportin-5 and its cofactor Ran-GTP (5) . In the cytoplasm, the pre-miRNAs are further cleaved by a second RNase III endonulease Dicer-1 and its essential transactivating response RNA binding protein (TRBP) producing a short imperfect double-stranded miRNA duplex. The imperfect miRNA duplex is then unwound into a mature miRNA by helicase. Next, TRBP recruits the catalytic Argonaute 2 to the Dicer complex with the mature miRNA forming the RNA-induced silencing complex (RISC) (6, 7) . RISC then regulates gene expression by mRNA degradation or translational repression (8) (9) (10) . Therefore, miRNAs negatively regulate gene and protein expression via the RNA interference (RNAi) pathway. miRNA is different from siRNA in that miRNA represses mRNA with complementary sequence in the 3′-untranslated region (3′-UTR) (11) , although miRNA may also target coding regions of mRNA, at least in animals (12) .
MicroRNA and Regulation of Stem Cells
MiRNAs have been proposed to be important factors in stem cell function. One reason for this is that expression levels of certain miRNAs in stem cells are different from other normal tissues (13) . This implies that miRNAs may have a unique role in stem cell regulation. In order to confirm that miRNAs do indeed regulate stem cell function, many investigators have used Dicer-1 (dcr-1) mutants. Dicer-1 plays a specialized role in the biogenesis of miRNAs and therefore can offer great insight into the role of miRNAs in stem cells. Loss of dcr-1 function in mouse models resulted in animal death early in development and depletion of stem cells in mouse embryos, suggesting that the disrupted miRNA pathway plays a large role in maintaining the stem cell population (14) . Mutated dcr-1 gene in embryonic stem cells in mice leads to a reduced expression of miRNAs and displayed severe defects in embryonic stem cell differentiation in vivo and in vitro. Re-expression of Dicer-1 in the knockout cells rescued the phenotypes (15) . Another study observed a reduction in cyst production in Drosophila germline stem cell mutants for dcr-1 and a delay in the transition from G1 to S phase, which is dependent on the cyclin-dependent kinase inhibitor Dacapo (16) . This finding that miRNAs are required for stem cell division suggests that miRNAs are needed to make stem cells insensitive to environmental signals in order to overcome the normal G1/S checkpoint (16) . The use of dcr-1 mutants has resulted in a great multitude of data and findings that implicate the important role that miRNAs play in stem cell function.
Cancer Stem Cell Hypothesis
Stem cells are defined by their ability to undergo selfrenewal, as well as multi-lineage differentiation (17) . Adult stem cells are found in numerous tissues of the body and play a role in tissue development, replacement, and repair (18) . In this review, cancer cells are defined as cells that are part of a malignancy. Recently, there has been a dramatic increase in research geared towards a small subpopulation of cells identified in cancers that have stem cell properties. The cancer stem cell hypothesis proposes that cancers are derived from a small fraction of cancer cells that constitute a reservoir of self-sustaining cells with the exclusive ability to self-renew and initiate/maintain the tumor (19) . Thus, according to the cancer stem cell hypothesis, these cancer stem cells are tumor-initiating cells that proliferate through their unique self-renewal ability. Cancer stem cells were first identified in leukemia (20, 21) . Recently, many investigators have identified cancer stem cells in solid tumors including breast, brain, pancreas, colon, and head and neck cancers (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . These new discoveries provide further support for the cancer stem cell hypothesis. In some types of human cancers, such as melanoma, such tumorigenic cells may not be rare (36) .
The cancer stem cell hypothesis established a basis for future studies, as well as presented a better understanding of the biology and intricacies of cancer and tumor formation. To be maximally effective, cancer therapy must also be directed against both the resting cancer stem cells and the proliferating cancer cells (37) . This may be possible if specific stem cell signals are inhibited using molecular therapy, while at the same time attacking proliferating cells by conventional therapies (38, 39) .
Self-Renewal
Using different systems, many investigators have demonstrated that only a small minority of cells in human cancers are capable of self-renewal. Self-renewal is distinguished from other proliferating processes in that at least one of the progeny is identical to the initial stem cell (22) . Specifically, asymmetric stem cell self-renewal produces two different progenies. The first progeny is identical to the original stem cell-thus, maintaining stem cell number-and the other progeny produced is a committed progenitor cell, which undergoes cellular differentiation (22) . Both the self-renewal and differentiation of normal stem cells are regulated by the stem cell microenvironment, which has been termed the stem cell niche (39, 40) . In order to study the self-renewal potential, a mammosphere assay has been developed that plates cells in a serum-free medium with growth factor supplementation on a non-adherent substrata followed by quantification of sphere formation (41) . Using this method, one study found that secondary mammospheres from the human breast cancer Lin − CD29 H CD24 H cell subgroup as determined from seven independent tumors were larger in size and number compared with all other subpopulations, suggesting the ability for tumor-initiating cells to undergo self-renewal (42) . Therefore, a certain subpopulation of cancer cells is able to self-renew and initiate tumor formation, thus coining the term "cancer stem cells." The central feature of cancer stem cells is this relatively unlimited asymmetric self-renewal (22) . Selfrenewal of cancer stem cells could be a likely cause of resistance of current cancer treatment, as well as relapse in cancer patients. One recent study provided the first clinical evidence for the implication of a "glioma stem cell" or "selfrenewal" phenotype in treatment resistance of glioblastoma (43) . It is believed that genetic alterations cause dysregulation in cancer stem cells, resulting in unlimited self-renewal capabilities. Abnormal stem cell self-renewal is a likely requirement for the initiation, formation and resistance of cancer.
Signaling Pathways of the "Stem Cell Genes"
There is growing evidence that illustrates that many pathways classically connected with cancer may also regulate normal stem cell development (44) . The pivotal signaling pathways of the "stem cell genes" Notch, Hedgehog, Wnt/β-catenin, HMGA2, Bcl-2, and Bmi-1 are involved in the regulation of self-renewal, differentiation, and survival of cancer stem cells (44) (45) (46) . These key signaling pathways, which may be dysregulated in cancer stem cells, offer great promise for future cancer therapies and treatments.
Notch
The Notch signaling pathway is a short-range communication transducer that is involved in regulating many cellular processes during development and renewal of adult tissues. Notch signaling has been highlighted as a pathway that aids in development of the breast and is frequently dysregulated in invasive breast cancer (18) . It was also demonstrated that Notch signaling can act on mammary stem cells to promote selfrenewal and on early progenitor cells to promote their proliferation (28) . These effects were also shown to be completely inhibited by either a Notch 4 antibody or a gamma secretase inhibitor that blocks Notch processing (28) . These findings suggest that atypical Notch signaling could lead to dysregulation of the self-renewal properties of cancer stem cells, thus resulting in carcinogenesis and oncogenesis (47) .
Hedgehog
The importance of Hedgehog signaling in carcinogenesis revolves around Hedgehog's effect on cancer stem cell selfrenewal. Hedgehog (specifically Sonic Hedgehog) signaling has been implicated in the regulation of self-renewal characteristics by the finding that populations enriched for human hematopoietic stem cells exhibit increased self-renewal in response to Sonic Hedgehog stimulation in vitro, albeit in combination with other growth factors (44, 48) . In humans, several distinctive cancers, including basal-cell carcinoma, result from mutations that aberrantly activate Hedgehog signal transduction (49) . It has been shown that Drosophila ovarian stem cells cannot proliferate as stem cells in the absence of Hedgehog signaling, whereas excessive Hedgehog signaling produces supernumerary stem cells, implying that Hedgehog is a stem-cell factor (49) . This suggests that human cancers due to excessive Hedgehog signaling might result from dysregulated self-renewal properties of cancer stem cells.
Wnt/β-catenin
Another pathway that regulates both self-renewal and oncogenesis in different tissues is the Wnt/β-catenin signaling pathway (44) . Activation of the Wnt receptor causes an accumulation of β-catenin and other Wnt gene family proteins in the cytoplasm, which eventually translocates into the nucleus. The nuclear translocation of β-catenin drives the expression of genes associated with self-renewal. Over-expression of activated β-catenin expands the pool of stem cells (50) . Dysregulation in the Wnt/β-catenin signaling pathway contributes to the onset of cancer. Gain or loss-offunction mutations of several members of this pathway have been found in many types of human tumors (51, 52) . Another study showed that, in chronic myelogenous leukemia, β-catenin accumulates in the nuclei of granulocyte-macrophage progenitors, seemingly enhancing the self-renewal activity and leukemic potential of these cells (53) . Thus, dysregulation of this pathway within cancer stem cells may be associated with the acquisition of self-renewal properties.
HMGA2
HMGA2 has also been implicated in survival and selfrenewal of cancer stem cells. HMGA2 is thought to play a role in modulating macromolecule complexes that are involved in many biological processes, including binding directly to the DNA and aiding in the regulation of many genes (54) . The expression of HMGA proteins during embryogenesis suggests that they have important functions in development (54) . Moreover, the HMGA2 gene is suggested to control growth, proliferation, and differentiation (54) . HMGA2 has also been implicated in cancer. HMGA2 overexpression has been found in lung and pancreatic carcinomas (55, 56) . HMGA2 protein overexpression is usually met with the presence of metastasis and reduced survival of the cancer patient (54) . Thus, HMGA2's role in embryogenesis and aggressive cancers suggests that human cancers due to excessive HMGA2 signaling might result from dysregulated cell survival and self-renewal properties of cancer stem cells.
Bmi-1
The significance of Bmi-1 signaling in carcinogenesis revolves around Bmi-1's effect on cancer stem cell selfrenewal. Bmi-1 was shown to be expressed in neural stem cells and proliferating progenitor cells, but not in differentiated cells (45) . Loss of Bmi-1 resulted in a drastic decrease in neural stem cell proliferation and self-renewal (45) . This suggests that Bmi-1 is necessary for stem cell selfrenewal. Bmi-1 has also been implicated in cancer. Bmi-1 was identified to promote the generation of lymphomas (57, 58) . This demonstrates that Bmi-1 plays a role in cancer development. Bmi-1 seems to be important in both stem cells and cancer. Bmi-1 was found to be activated in human breast "cancer stem cells" characterized as CD44 + CD24 −/low Lin − (59). Furthermore, Bmi-1 was found to mediate the mammosphere-initiating cell number and mammosphere size, supporting a role in the regulation of self-renewal of normal and tumorigenic human mammary stem cells (59) . Therefore, dysregulation of this Bmi-1 pathway within cancer stem cells may be associated with the acquisition of selfrenewal properties.
Bcl-2
Bcl-2 has been researched by many investigators because of its role within cancer cells as a proto-oncogene. Bcl-2 is over-expressed in many cancers, leading to a prevention of apoptosis. It has been shown that this obstacle to apoptosis due to over-expression of Bcl-2 results in an increased number of stem cells in vivo (60) . This suggests that apoptosis plays a role in regulating the microenvironments of stem cells (61) . Therefore, the Bcl-2 signaling pathway is very important to the survival of stem cells, especially cancer stem cells, because of the overexpression of Bcl-2 in cancers (62) .
Link Between miRNA and Cancer Stem Cells
Aberrant expressions of miRNAs are connected to human diseases, such as cancer. Tumors analyzed by miRNA profiling have shown significantly different miRNA profiles (for mature and/or precursor miRNAs) compared with normal cells from the same tissue (63) . It has also been shown by convincing evidence that miRNAs are important factors in stem cell biology. Thirty-six unique miRNAs (from 32 stem-loops) have been identified by cDNA cloning to be specifically expressed in human embryonic stem cells relative to their differentiated embryoid bodies (13) . The obvious parallel that can be drawn is that undifferentiated stem cells display miRNA expression profiles reminiscent of cancer cells (19) . There is also overwhelming evidence that a distinct subpopulation of cancer cells have the ability of self-renewal, and thus act as cancer stem cells within tumors (64) . Knowing that aberrant gene function and expression are key characteristics in cancer, it is thought that acquired epigenetic abnormalities participate in genetic alterations, causing dysregulation in cancer stem cells (51) . This dysregulation allows them to escape the restrictions of the stem cell niche, resulting in unlimited self-renewal ability and potential. It is believed that microenvironmental factors or signals account for the epigenetic abnormalities in cancer stem cells. These signals interfere with gene expressions, resulting in the silencing of some genes. Therefore, there must be some underlying sub-cellular process that accounts for this dysregulation in cancer stem cells.
One pathway of investigative relevance is the RNAi pathway. The RNAi pathway is important because it silences gene expression at transcription or translation. MiRNAs have been implicated in the RNAi pathway by negatively regulating gene and protein expression at the post-transcriptional level. Altered expression of specific miRNA genes contributes to the initiation and progression of cancer (11) . Disruption of miRNA expression levels in tumor cells may result from distorted epigenetic regulation of miRNA expression, abnormalities in miRNA processing genes or proteins, and the location of miRNAs at cancer-associated genomic regions (63) . Clearly, miRNAs play a critical role in carcinogenesis and oncogenesis. Emerging evidence suggests that certain abnormal miRNA expression levels cause cancer stem cell dysregulation, resulting in unlimited self-renewal and cancer progression. Therefore, miRNA expression is a vital key to cancer stem cell dysregulation.
In addition, a number of miRNAs have been identified within cancers to function as either oncogenes or tumor suppressors (65) . These miRNAs offer great promise for cancer therapy because they might have the potential to regulate aberrant miRNA expression. Therefore, miRNA therapy could be a powerful tool to address cancer stem cell dysregulation and its resulting self-renewal and cancer progression in patients.
Examples of Potential Links
It has been shown that miRNA miR-21 is over-expressed in breast tumor tissues and functions as an oncogene by modulating tumorigenesis through the regulation of Bcl-2 and Programmed Cell Death 4 (PDCD4) (66) (67) (68) (69) . Thus, miR-21 over-expression leads to up-regulation of Bcl-2, which results in increased tumor growth and decreased apoptosis (69) .
The miR-17-92 cluster, which is comprised of seven miRNAs, is markedly over-expressed in lung cancers and could play a role as an oncogene (70) . Enforced expression of the mir-17-92 cluster acted with c-Myc expression to accelerate tumor development in a mouse B-cell lymphoma model (71) . Introduction of miR-17-92 into hematopoietic stem cells was shown to significantly accelerate the formation of lymphoid malignancies (70) . Other evidence has proposed the potential targets of miR-17-92 include E2F1 (which promotes cell proliferation) and the tumor-suppressor genes PTEN (which promotes apoptosis) and RB2 (72) . Interestingly, a functional relationship between miR-17-92 and the Sonic Hedgehog signaling pathway was studied. In engineered medulloblastomas, miR-17-92-induced tumors were shown to have activated the Sonic Hedgehog signaling pathway (73) . This is thought to result in increased selfrenewal. Taken together, these studies implicate the miR-17-92 cluster as a potential human oncogene that plays a role in cancer stem cells.
miR-135 has an oncogenic role within cancer as well. miR-135a and miR-135b were found to be greatly upregulated in colorectal adenomas and carcinomas (74) . APC, a gene found to lead to truncated proteins that have lost their β-catenin binding sites, was down-regulated in cancers with increased expression of miR-135a&b (74) . If APC is not expressed to the proper level, an accumulation of β-catenin would occur, leading to the activation of selfrenewal genes. Thus, these oncogenes miR-135a&b play a vital role in controlling Wnt signaling pathway. Consequently, miR-135a and miR-135b may play vital roles in cancer stem cells themselves. Over-expression of these oncomiRs leads to further cancer progression.
Tumor Suppressors
In oncogenesis, some miRNAs' expression is decreased in cancerous cells (8) . These miRNAs are called tumor suppressor miRNAs. In this review, tumor suppressor miRNAs are termed TSmiRs. TSmiRs are supposed to prevent tumor development; however, their expression in cancer is down-regulated, resulting in increased progression of the disease.
One example of tumor suppressor miRNAs is let-7. Let-7 expression levels are reduced in various lung cancer cell lines and pulmonary tumors, relative to normal lung samples (75, 76) . Let-7 expression is lower in lung tumors than in normal lung tissue, while RAS protein is significantly higher in lung tumors, suggesting that let-7 negatively regulates RAS protein (77) . RAS appears to be important for self-renewal since silencing RAS reduces mammosphere formation, clonal expansion, and tumorigenicity (78) . Chromosomal translocations previously associated with human tumors disrupt repression of HMGA2 by let-7 miRNA, suggesting that let-7 also negatively regulates HMGA2 (79) . The let-7 family is not expressed in breast tumor-initiating cells (78) . By expressing let-7 in breast tumor-initiating cells, it was found that let-7 regulates the key features of breast cancer stem cells-self renewal in vitro, multipotent differentiation, and the ability to form tumors (78) . Thus, let-7 is a tumor suppressor that negatively regulates RAS protein and HMGA2 and plays an important role in the self-renewal potential of cancer stem cells.
miR-15a and miR-16-1 are both tumor suppressors. In the majority of leukemic cells, both miR-15a and miR-16-1 were expressed at low levels and Bcl-2 was over-expressed (80) . It was also shown that down-regulation of Bcl-2 by miR-15a and miR-16-1 triggers apoptosis and that the levels of expression of these two miRNAs are important (80) . Also in prostate cancer cells, down regulation of these two miRNAs resulted in an up regulation of WNT3A, a Wnt gene family protein (81) . WNT3A help promote cancer cell proliferation and invasiveness of their respective tumors (81) . These TSmiRs are critical to suppressing tumor growth and progression. Thus, miR-15a and miR-16-1 play extremely vital roles in both the Bcl-2 and Wnt signaling pathways, which are essential for self-renewal potential in cancer stem cells.
MiRNA-128 is also a tumor suppressor involved in cancer stem cells. In high-grade gliomas, miR-128 levels were significantly reduced, suggesting tumor suppressor properties (82) . Glioma cell proliferation and growth were inhibited by miR-128 introduction (82) . Later, the mechanism behind miR-128's tumor suppressor characteristics was found. Expression of miR-128 caused a down regulation of Bmi-1 signaling pathway levels (82) . Thus, miR-128 specifically blocked glioma self-renewal via Bmi-1 down-regulation. miR-128's regulation of the Bmi-1 signaling pathway demonstrates the importance of it in the self-renewal capacity in cancer stem cells.
MiRNA-199b-5p is a tumor suppressor of great intrigue. Expression of miR-199b-5p was shown to be lost in metastatic cancer patients (83) . In medulloblastoma cells, miR-199b-5p was found to down-regulate the expression of HES1, a transcription factor of the Notch signaling pathway (83) . Thus, miR-199b-5p should lead to a decrease of the selfrenewal properties of cancer stem cells. Introduction of an over-expression of miR-199b-5p did indeed block Notch signaling, as well as decrease the medulloblastoma stem-celllike (CD133+) subpopulation of cells (83) . Therefore, the tumor suppressor miR-199b-5p is extremely important to the cancer stem cell self-regulation potential via the Notch signaling pathway.
Furthermore, miR-125b, miR-326, and miR-324-5p are all tumor suppressors. Using miRNA profile screening of human medulloblastoma cells, these miRNAs were found to be down-regulated where the Hedgehog signaling pathway was elevated (84) . miR-125b, miR-326, and miR-324-5p were all shown to suppress Smo, an activator component of the Hedgehog pathway, and only miR-324-5p was also found to suppress Gli-1, another activator component of the Hedgehog signaling pathway (84) . All three of these miRNAs were found to inhibit cancer cell growth (84) . This is consistent with the fact that the Hedgehog signaling pathway is involved in the self-renewal potential of cancer stem cells.
MiRNA-34 is a tumor suppressor of great interest. This TSmiR is down-regulated in several types of cancer (85) . We found that, in p53-deficient human gastric and pancreatic cancer cells, restoration of functional miR-34 inhibits cell growth and induces G1 block and apoptosis, indicating that miR34 may restore p53 function (62, 86) . miR-34 restoration inhibited tumorsphere growth in vitro and tumor initiation in vivo, which is reported to be correlated to the self-renewal of cancer stem cells (62, 86) . The mechanism of miR-34-mediated suppression of self-renewal appears to be related to the direct modulation of downstream targets-Bcl-2, Notch, and HMGA2-indicating that miR-34 may be involved in gastric cancer cells' self-renewal/differentiation decision-making (62, 86) . Thus, miR-34 is a significant tumor suppressor of cancer stem cells by regulating both apoptosis and self-renewal properties. Decreased expression of these TSmiRs leads to further cancer progression.
Examples Support the Role of "Stem Cells miRNAs" in Oncogenesis and the Implications in Molecular Cancer Therapy
It is clear that these "stem cell miRNAs" play a vital purpose in the regulation of the discussed "stem cell genes" and their subsequent signaling pathways in cancer. Figure 2 provides a schematic view of these "stem cell miRNAs" and their interactions with "stem cell genes" in cancer stem cells.
These "stem cell miRNAs" support the potential link between miRNAs and cancer stem cells. Figure 3 outlines this potential link between miRNAs and cancer stem cells. All of these examples suggest that miRNAs have a pivotal function in carcinogenesis and oncogenesis by regulating self-renewal and apoptosis via cancer stem cell signaling pathways as oncogenes or tumor suppressors, respectively. These oncogenic and tumor suppressor miRNAs lead to a better understanding of cancer stem cell biology, and thus, a greater knowledge of how cancer starts and progresses into malignant tumor formation. Dysregulation of cancer stem cells allows Fig. 2 . Potential "stem cell miRNAs" that modulate "stem cell genes" related to cancer stem cells. Certain miRNAs have been shown to be aberrantly expressed in cancer. OncomiRs, which initiate cancer development, are over-expressed. TSmiRs, which prevent tumor development, are decreased. These miRNAs regulate genes that are implicated in stem cells. The aberrant expression of these potential "stem cell miRNAs" in cancer suggests that dysregulation of "stem cell genes" leads to increased levels of selfrenewal and decreased levels of apoptosis within cancer stem cells. This results in further cancer progression them to escape the restrictions of the stem cell niche, resulting in unlimited self-renewal ability and potential, which results in further cancer development and resistance to current treatments. It has been demonstrated that aberrant expression of certain miRNAs are not only connected to cancers in general, but these aberrant miRNA expressions are involved in cancer stem cell dysregulation. Functional studies of specific miRNAs within the cancer stem cells of various cancers are crucial for the elucidation of the mechanisms behind oncogenesis in various cancers (87) . Some miRNAs are up-regulated in cancer stem cells and act as oncogenes. These oncogenes should be targeted with treatments that knockdown their expression. Other miRNAs suppress cell proliferation by nature, acting as tumor suppressors, but are down-regulated in cancer stem cells, resulting in cancer progression. These tumor suppressors should be targeted with therapies that restore their tumor suppressor capabilities within the cancer stem cells. Therefore, addressing these abnormal miRNA expression levels with molecular miRNA therapy could be a powerful tool to tackle cancer stem cell dysregulation and, hence, oncogenesis.
MicroRNA Therapeutics
MiRNAs are very promising as therapeutic targets for anti-cancer treatments because their aberrant expressions are linked to cancer stem cell dysregulation and, thus, oncogenesis. MiRNA-based molecular cancer therapy should eliminate the self-renewal capabilities of the cancer stem cells and greatly reduce the resistance of current cancer treatment, as well as relapse in cancer patients.
Development of miRNA/RNAi-based therapeutics requires several critical experimental steps, which include: (1) miRNA profiling of cancer versus healthy tissue, and especially cancer stem cells versus the differentiated cells, (2) functional analysis of dysregulated miRNAs, and (3) in vivo studies with use of different RNAi-based therapeutic methods address aberrant miRNA expressions (19) .
For oncogenic miRNAs, which promote cancer when over-expressed, an antagomiR should be used to block the effects of the oncomiR (88) . The antagomiR knocks down the oncogenic properties of the miRNA, resulting in cancer suppression and decreased progression. For example, to Fig. 3 . Link between miRNA and cancer stem cells. Aberrant expressions of miRNAs, either as oncogenic or tumor suppressor miRNAs, can lead to dysregulation of stem cell genes, causing increased self-renewal potential and impaired differentiation in cancer stem cells. This dysregulation subsequently results in carcinogenesis and oncogenesis. It is proposed that miRNA antagonists can knockdown the effects of oncogenic miRNAs and miRNA mimics can restore the capabilities of tumor suppressor miRNAs. Therefore, miRNA could be a vital tool in addressing cancer stem cell dysregulation. MiRNA-based molecular therapy could hold great therapeutic potential against cancer progression, resistance, and relapse knock down the expression of the oncogene miR-21, an antimiR-21 oligonucleotide was transfected into breast cancer MCF-7 cells (69) . It was demonstrated that the anit-miR-21 suppressed both cell growth in vitro and tumor growth in a xenograft mouse model by increasing apoptosis and decreasing cell proliferation (69) . Therefore, antagomiRs are promising as therapeutic targets for oncogenic miRNA-based cancer stem cell dysregulation.
For tumor suppressor miRNAs, which promote cancer when under-expressed, miRNA mimics or lentiviruses should be used to restore the tumor suppressors' natural potential, resulting in decreased cancer development. For example, to re-introduce miR-34 and its tumor suppressor capabilities, we transfected miR-34 mimics into cancer cells, and the mimic was shown to block the cell cycle in the G1 phase, significantly increase activation of caspase-3, and knock down its downfield targets of bcl-2, Notch, and HMGA2 (86) . The miRNA mimic, thus, restored miR-34 with its tumor suppressor potential; however, the transfection of the miR-34 mimics can only last a couple of days and the long-term biological effects were not observed very effectively. To overcome this dilemma, the cancer cells were infected with a lentivirus that expressed miR-34a. This generated stable cells expressing miR-34a. The lentiviral miR-34a was found to be able to inhibit cancer cell growth and tumorsphere formation (86) . The lentiviral system restored the tumor suppressor effect of miR-34 in pancreatic cancer stem cells as well (62) . Therefore, miRNA mimics and lentiviral miRNAs show great potential in restoring tumor suppressor miRNAs to correct the dysregulation of "stem cell genes" in cancer stem cells.
The Challenge of miRNA-Therapeutics: Delivery, Delivery, Delivery However, from a clinical/translational research point of view, for the miRNA-based therapeutics to be effective, the efficient and functional delivery of miRNA mimics and/or antagonists to tumor remains a great challenge.
Current approaches to deliver gene-and RNAi-based therapeutics employ either viral or non-viral vector systems (89) . Viral vector-directed methods show high gene transfer efficiency but are deficient in several areas. The limitations of a viral approach are related to their lack of tumor targeting and to residual viral elements that can be immunogenic, cytopathic, or recombinogenic (89) . Non-viral gene transfer vectors could circumvent some of the problems associated with viral vectors. Progress has been made toward developing non-viral, pharmaceutical formulations of gene therapeutics for in vivo human therapy, particularly cationic liposomemediated gene transfer systems (89, 90) . Cationic liposomes are composed of positively charged lipid bilayers and can be complexed to negatively charged, naked DNA by simple mixing of lipids and DNA such that the resulting complex (lipoplex) has a net positive charge (90) . The lipoplex is easily bound and taken up by cells with relatively high transfection efficiency. Features of cationic liposomes that make them versatile and attractive for DNA delivery include: simplicity of preparation; the ability to complex large amounts of DNA; versatility in use with any type and size of DNA or RNA; the ability to transfect many different types of cells, including nondividing cells; and lack of immunogenicity or biohazardous activity (89, 90) . There are multiple clinical trials now underway using cationic liposomes for gene delivery, and liposomes for delivery of chemotherapeutics such as doxorubicin are already on the market for breast cancer chemotherapy.
One disadvantage of cationic liposomes is that they lack tumor specificity and have relatively low transfection efficiencies as compared to viral vectors. However, this can be dramatically increased when the lipoplexes bear a ligand recognized by a cell surface receptor (89, 90) . Receptormediated endocytosis represents a highly efficient internalization pathway in eukaryotic cells. The presence of a ligand on a lipoplex facilitates the entry of DNA into cells through initial binding of ligand by its receptor on the cell surface followed by internalization of the bound lipoplex (89) . Once internalized, sufficient DNA escapes the endocytic pathway to be expressed in the cell nucleus. A variety of ligands have been examined for their lipoplex-targeting ability (89, 90) .
Recently, we developed tumor-specific, ligand-targeting, self-assembled, nanoparticle-DNA lipoplex systems designed for systemic gene therapy of cancer (US Patent No. 6,749,863, European Patent No. EP 1,154,756) (91, 92) . These nanovector systems employ transferrin (Tf) or scFv against transferrin receptor (TfR), which is over-expressed in the majority of human cancers, as tumor-targeting ligand (91, 92) . When using Tf as a targeting ligand, we obtained the self-assembled nanovectors at the sizes of 50-90 nm, with highly compact structure and favorite surface charge (91) . These nanovectors have novel nanostructure that resembles a virus particle with a dense core enveloped by a membrane coated with Tf molecules spiking on the surface (91) . This nanovector system shows promising efficiency and specificity in targeted delivery of various genes and anti-sense oligonucleotides to cancer in vivo but not normal tissues (93, 94) . Systemic p53 gene therapy using these nanovector systems demonstrated longterm therapeutic efficacy in animal models of human cancers (90) (91) (92) 95) . Tf-and TfR-scFv-targeted nanovectors were recently approved by the FDA for clinical testing, and the first Phase-I clinical trial for non-viral systemic p53 gene therapy is ongoing (www.ClinicalTrials.gov). The success of these nanovectors for systemic p53 gene therapy, and more recently Her-2 siRNA therapy (96) (97) (98) , provide a promising, tumor-targeted delivery system for novel RNAi-based therapies, such as miRNA-therapeutics discussed above.
CONCLUSIONS
Abnormal miRNA expressions are connected to cancer stem cell dysregulation. This dysregulation leads to the initiation, development, and progression of cancer. Consequently, molecular miRNA therapy is very important to addressing oncogenesis linked with cancer stem cell dysregulation. For this reason, future research should be aimed at validating the link between miRNAs and cancer stem cells, investigating miRNAs' role in cancer stem cells' self-renewal pathways, as well as studying therapeutic potential of miRNAs against cancer progression, resistance, and relapse. supported in part by NIH grants CA121830, CA128220, and CA134655 (to L. X.). J. D. is a University of Michigan Undergraduate Research Opportunity Program (UROP) student.
